Massive deposition of calcium carbonate in ambient temperature waters (tufa) can 16 form magnificent tufa landscapes, many of which are designated as protected areas. 17 However, tufa landscapes in many areas are threatened by both local anthropogenic 18 activities and climate change. This study, for the first time, posed the question whether the 19 tufa landscape degradation (characterized by tufa degradation and increased biomass of 20 2 green algae) in Jiuzhaigou National Nature Reserve of China is partially caused by regional 21 air pollution and climate warming. The results indicate that wet deposition (including rain 22 and snow) polluted by anthropogenic SO2, NOx, and NH3 emissions dissolves exposed tufa 23 and may considerably reduce tufa deposition rate and even cause tufa dissolution within 24 shallow waters. These effects of wet deposition on tufa enhanced as pH of wet deposition 25 decreased from 8.01 to 5.06. Annual Volume Weighted Mean concentration of reactive 26 nitrogen (including NH4 + and NO3 -) in wet deposition (26.1 µmol L -1 ) was 1.8 times of the 27 corresponding value of runoff (14.8 µmol L -1 ) and exceeded China's national standard of 28 total nitrogen in runoff for nature reserves (14.3 µmol L -1 ), indicating a direct nitrogen 29 fertilization effect of wet deposition on green algae. As water temperature is the major 30 limiting factor of algal growth in Jiuzhaigou and temperature in the top layer (0-5 cm) of 31 runoff (depth<1 m, no canopy coverage of trees and shrubs) was significantly higher at the 32 sites with increased biomass of green algae (p<0.05), climate warming in this region would 33 favor algal growth. In sum, this study suggests that climate warming and enhanced sulfur 34 and nitrogen deposition have contributed to the current degradation of tufa landscape in 35
bicarbonate (Ca(HCO3)2). After traveling for some distance and then emerging at springs, 48 dissolved CO2 is lost from the solution on contact with the atmosphere which has a CO2 49 concentration lower than that in equilibrium with the Ca(HCO3)2-rich solution (Pentecost, 50 2005). Due to CO2 loss, the solution becomes supersaturated with respect to calcite and 51 begins to produce calcite (Eq. 1). Tufa may spread across the earth's surface for meters to 52 kilometers, building three dimensional landforms that can be generally categorized into two 53 fundamental depositional morphptypes (Ford and Pedley, 1996) . The first is called "fluvial 54 barrage model" (Pedley, 1990) or "barrage travertine/tufa system" (Violance et al., 1994), 55 which involves damming of a river, by means of one or more transverse oriented tufa 56 barrages (Ford and Pedley, 1996; Figure S1 ). The second is "perched springline model" 57 (Pedley, 1990) or "slope travertine/tufa system" (Violance et al., 1994) , which involves the 58 formation of a valley-side-sited, wedge-shaped sedimentary body (Ford and Pedley, 1996; 59 Figure S2 ). A detailed review of tufa and travertine deposits of the world can be found in 60 Ford and Pedley (1996) . 61 ( 3 ) 2 → 3 ↓ + 2 ↑ + 2 (1) 6 transport of air pollutants, respectively, rather than from local emissions (Qiao et al., 2015b) . 126 Therefore, the main objective of this study is to understand whether these observed climate 127 warming and enhanced deposition of reactive sulfur and nitrogen actually have contributed 128 to the current degradation of tufa landscape in Jiuzhaigou. alkalinity of the wet deposition samples that had a pH higher than 7.00 in this study.
182
Alkalinity was considered to be zero in the wet deposition samples that had a pH less than 183 7.00. 
211
Increased biomass of green algae was observed only in the shallow waters with a low 212 canopy coverage of trees and shrubs. Water temperature at these sites was more easily 213 affected by air temperature and solar radiation, while green algae at these sites have a good 214 access to light, which is also an important factor for their growth. Zhu (2007) found that 215 water temperature is the major limiting factor to the growth of green algae in the Pearl Shoal concentration in the ranges of 6.5-8.0 and 70-900 μmol L -1 , respectively (Figure 4 ).
238
The results of comparison of reactive nitrogen concentrations between runoff and wet 239 deposition are shown in 
267
In this study, we found that wet deposition was calcite unsaturated (SIc = -6.4 to -1.2) 268 and the wet deposition samples with lower pH had lower values of SIc in general (Figure 3 ).
269
This indicates that direct deposition of rain and snow onto exposed tufa would cause tufa algae increased as water temperature increased from 8 to 17 o C. In this study, we found that 317 increased biomass of green algae was more prone to occur in warmer, shallow waters with a 318 good access to light and with an elevation less than 2600 m a.s.l. (Figure 5 ). These may 319 suggest that climate warming would favor the growth of green algae and it might increase 320 green algae biomass in higher elevations (>2600 m a.s.l.) in Jiuzhaigou.
321
The processes controlling nutrient loadings in runoff include (Feller and NH4 + and TIN concentrations were statistically higher in wet deposition than in runoff 329 (Table 1 ). In addition to wet deposition, deforestation and its associated land use change may 
Conclusion

343
In the last three decades, a remarkable degradation of the tufa landscapes, characterized 344 14 by increased biomass of green algae and tufa degradation, has been observed in Jiuzhaigou.
345
This study examined whether these tufa landscape changes are partially associated with 346 climate warming and the enhanced deposition of reactive sulfur and nitrogen caused by 347 inter-regional transport of air pollutants. The results show that wet deposition (not 348 necessarily being acid rain) in Jiuzhaigou was calcite unsaturated, suggesting that wet 349 deposition would dissolve exposed tufa. Additionally, wet deposition may reduce tufa Figure S1 . Shuzheng Lakes, a barrage tufa system in Jiuzhaigou, Sichuan Province, China. 
